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Abstract— The role of stoichiometry and growth 
temperature in the preferential nucleation of material phases in 
the Li-Nb-O family are explored yielding an empirical growth 
phase diagram. It is shown that while single parameter 
variation often produces multi-phase films, combining 
substrate temperature control with the previously published 
lithium flux limited growth allows the repeatable growth of 
high quality single crystalline films of many different oxide 
phases.  Higher temperatures (800-1050°C) than normally used 
in MBE were necessary to achieve high quality materials.  At 
these temperatures the desorption of surface species is shown to 
play an important role in film composition.  Using this method 
single phase films of NbO, NbO2, LiNbO2, Li3NbO4, LiNbO3, 
and LiNb3O8 have been achieved in the same growth system, all 
on c-plane sapphire. Finally, the future of these films in 
functional oxide heterostructures is briefly discussed.   
Keywords: A3. Molecular Beam Epitaxy; B1. Niobates; 
B1. Oxides; A1. Phase Diagrams 
1. INTRODUCTION 
  The lithium niobium oxide family consists of 
conducting, semiconducting, and insulating materials across 
a wide resistivity and bandgap range. Figure 1 lists the 
resistivity of a few materials in the system as a function of 
niobium valence, ranging from conducting niobium to 
insulating lithium niobite (LiNbO3). These materials span 22 
orders of magnitude in resistivity with bandgaps from IR to 
UV [1–8]. Oxides in general have many desirable 
multifunctional properties, for example; piezoelectric, 
pyroelectric, and ferroelectric effects which can exist in a 
single material such as lithium niobate [9,10]. Lithium 
niobite (LiNbO2), a suboxide of the same family, is currently 
the focus of multiple research areas. LiNbO2 is used as a 
memristor for neuromorphic applications, a battery cathode 
material showing potential for high rate capability and long 
term cycle stability, and is also studied for unique optical 
properties [11–13]. NbO2 acts as a digital memristor, a 
device with discrete on and off resistance states. NbO2 is 
currently used in memory, neuristor circuitry, and relaxation 
oscillator circuitry [14–16]. The Li-Nb-O material family 
also includes other ceramics of various dielectric constants 
used in a variety of applications including battery electrodes, 
microwave frequency dielectrics, phosphors, photocatalysts 
for water reduction, and hysteretic MIM tunnel diodes or 
“memdiodes” (Li3NbO4, LiNb3O8, and Nb2O5) [17–
22,5,23,24]. 
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Figure 1. (Lithium) Niobium oxides plotted by their resistivity versus 
niobium valence, spanning 22 orders of magnitude resistivity. Materials can 
be conducting, semiconducting, or insulating depending on the oxidation 
state. The insulators Li2O, Li3NbO4, and LiNb3O8 are omitted for clarity. 
The growth optimization of these materials in a single 
deposition system is desirable due to the variety of 
properties that can be achieved and the potential 
heterostructure devices that can be imagined.  Among these 
possibilities are strain enhanced sensors and MEMS, high K 
dielectrics, tunable dielectrics, superlattices, thin film 
batteries, memtransistors, multi-layer neuromorphic 
heterostructures, and ferroelectric switching transistors with 
switchable enhanced channel conductance [25,26].  
Despite the potential for new and enhanced functional 
devices and materials, this Li-Nb-O multifunctional material 
family remains relatively unexplored. A many-phased oxide 
system inherently contains significant complexity. The phase 
diagram of the Li2O-Nb2O5 system is complicated by 
multiple phases existing in a very small range of temperature 
and stoichiometry [27]. Due to these tight tolerances, precise 
control and understanding of all parameters is necessary for 
controllable growth of heterostructures and single phase 
materials. Molecular Beam Epitaxy (MBE) is an excellent 
platform for high stoichiometry control and crystalline 
quality, and therefore a good candidate for controlled growth 
of these materials [25].  The MBE growth of Li-Nb-O 
materials using NbCl5 as a high vapor pressure niobium 
precursor has been previously described by a lithium 
controlled niobium incorporation rate method [28].   Briefly, 
NbCl5 can be reduced to elemental niobium in the presence 
of lithium and a hot substrate where lithium getters the 
chlorine. LiCl desorbs due to its high vapor pressure leaving 
elemental niobium to react with oxygen and excess lithium. 
In the same work a method of single parameter phase control 
in the Li-Nb-O system is described where the lithium supply 
is limited while niobium and oxygen are supplied in excess. 
The lithium flux directly controls the amount of adsorbed 
niobium so that adjusting the Li flux modifies niobium to 
oxygen ratio, and therefore the oxidation state, with respect 
to the constant O2. This study was performed at a single 
substrate temperature, 900℃, and in practice often produces 
multiple phases laterally across a film due to temperature 
gradients across the surface at high temperature growths. In 
this work it is shown substrate temperature plays a role in 
the preferential nucleation of various phases in the Li-Nb-O 
family, and that by combining this new understanding with 
the above lithium controlled niobium incorporation rate 
method single phase films spanning the entire phase space 
can be epitaxially grown.  
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2. EXPERIMENT 
2.1 Growth System Modifications 
The materials in this work are grown in a Varian Gen-II 
style MBE system which has been customized for the 
growth of lithium niobium oxides using a lithium assisted 
metal-halide growth chemistry discussed in detail by 
Henderson et. al [28]. The method involves the sublimation 
of NbCl5 from a custom water and filament heated near-
ambient cell, described elsewhere, allowing controllable 
evaporation of high vapor pressure materials (typical bulk 
operating temperatures are 35 – 50°C) [29].  
A modified Veeco corrosive series antimony cracker with 
a custom solid tantalum crucible is used to supply lithium to 
the system where it getters chlorine from NbCl5 and HCl. 
Excess lithium may be incorporated into the film, and along 
with the niobium in the presence of oxygen can form a 
variety of phases in the lithium-niobium-oxygen phase 
system such as LiNbO2, LiNbO3, Li3NbO4, and LiNb3O8. 
The phase which is grown depends on the Li:NbCl5 flux 
ratio, the supplied oxygen, and the substrate temperature as 
will be shown in this work. 
A custom Vesco-NM substrate heater is used to allow 
growth at high temperatures in a corrosive oxygen and 
chlorine environment. The heater consists of a thick 
tantalum filament fully encased in PBN, which can be 
heated to 1000°C in an oxygen background of 5 × 10-5 torr.  
2.2 Substrate Preparation 
All films in this work are grown on c-plane (006) oriented 
sapphire substrates. The substrates are cleaned by acetone, 
methanol, and isopropyl alcohol  followed by 4:1 
H2SO4:H2O2 at 120℃ before loading and degassing in a 
separate chamber, being careful during loading to minimize 
sample contact with the surrounding metal substrate holder 
which will conduct thermal energy away from the sample 
creating thermal non-uniformity.  
2.3 Characterization 
Films were structurally characterized by a Phillips Xpert 
MRD diffraction system using Cu-Kα x-rays (λ = 1.54056 
Å).  Phase identification of lithium niobium oxides by x-ray 
diffraction (XRD) is challenging due to the existence of 
multiple phases with similar crystal structures. There are five 
possible phases in the narrow range 36.772 – 37.069 degrees 
2θ-ω, and 3 of those materials fall within 0.4 degrees of each 
other, making phase identification extremely difficult. It is 
possible to differentiate them all, however, using multiple 
XRD scans as well as knowledge of the material in question. 
In this work film transparency, the existence of double or 
half x-ray reflections, and asymmetric diffraction scans are 
analyzed together to definitively identify material phases 
[30]. The surface morphology of the films was characterized 
by a Veeco atomic force microscopy (AFM) system. 
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3. RESULTS AND DISCUSSION 
3.1 Growth Parameters 
Previous work in Li–NbCl5–O2 growth chemistry 
indicated that phase control was best mediated by a lithium 
controlled niobium incorporation rate approach. Because the 
niobium supply is controlled by lithium, the niobium to 
oxygen ratio can be adjusted by varying a single parameter, 
the Li flux. It was shown that through this method increasing 
the Li flux produced films of reduced oxidation state, 
resulting in a progression from Li3NbO4 → LiNbO3 → 
LiNbO2 →NbO as the Li flux is increased holding all other 
fluxes constant at constant substrate temperature [28].  
 
Figure 2. X-ray diffractograms of films grown at increasing substrate 
temperature while holding all fluxes constant (ϕ = 0.6). From bottom to top 
in 25 degree increments, 925°C primarily produces Li3NbO4, 950 and 
975°C primarily produces LiNbO2, and 1000°C primarily produces LiNbO3. 
All films are multi-phase. The temperature dependence is attributed to 
increased Li desorption. 
Motivated by the prevalence of multi-phase films, 
temperature studies were carried out to analyze the effect of 
substrate temperature on the nucleation of various phases. 
Figure 2 shows the x-ray diffractograms of films grown at 
constant flux while substrate temperature is increased from 
925 - 1000°C in steps of 25 degrees.  For these growths the 
beam equivalent pressures as measured by Bayard-Alpert 
ion flux gauge were approximately 6 × 10-7 torr for Li and 1 
× 10-6 torr for NbCl5. Further data will be presented as 
Li:NbCl5 flux ratio, with all data presented for growths at the 
same O2 flow, where ϕ = ϕLi/ϕNbCl5 and ϕ is source flux 
measured in beam equivalent pressure (BEP), in units of 
torr. The O2 flow was set at 4 SCCM by mass flow 
controller (MFC) resulting in a background oxygen pressure 
of approximately 4.5 × 10-5 torr. The 925°C substrate 
temperature condition resulted in (222) oriented Li3NbO4 
with a small fraction of c-oriented LiNbO3. Increasing the 
substrate temperature to 950°C resulted in c-oriented 
LiNbO2 along with Li3NbO4, (440) NbO2, and LiNbO3. 
Further increasing the substrate temperature to 975°C 
produced higher quality LiNbO2 as evidenced by 
Pendellösung fringes and an decrease in (002) XRD rocking 
curve from 410 to 307 arcseconds. Li3NbO4, NbO2, and 
LiNbO3 are also present in the film. Finally, increasing the 
substrate temperature to 1000°C significantly increased the 
LiNbO3 diffraction signal with respect to all others, and the 
Li3NbO4 phase was eliminated.  
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Further investigation reveals that the optimal growth 
temperature and ϕ are coupled parameters for obtaining 
single phase material. Figure 3 shows the effect of ϕ on 
phase nucleation at 975 ℃. At a Li-poor flux of ϕ = 0.1 there 
is not enough Li to incorporate into the growing film, and at 
975 ℃ pure phase NbO2 nucleates. Increasing ϕ to 0.8 
results in the appearance of LiNbO2 and LiNbO3 and the 
reduction of NbO2 to a small fraction of the film indicating 
the presence of a multi-phase region in ϕ. Further increase to 
unity ϕ results in pure phase LiNbO2, while additional Li at 
ϕ = 2 introduces the Li-rich phase Li3NbO4.  
Figure 4 explores the same trend at 1000 ℃. A Li-poor 
flux ratio of 0.2 still results in NbO2, but the higher substrate 
temperature allows small fractions of LiNbO3 and its Li-
poor counterpart LiNb3O8 to form. Increasing the flux ratio 
to 0.4 prevents NbO2 from forming; however there is still not 
enough Li for pure LiNbO3 and the Li-poor phase (LiNb3O8) 
is still present. Finally, increasing ϕ to 0.8 results in pure 
LiNbO3 in contrast with the 975 ℃ case where the same flux 
ratio produces both LiNbO3 and LiNbO2.  
With this in mind, optimal temperature ranges can be 
approximately constructed based on experimental data at 
various flux ratios. Table 1 presents the temperature ranges 
appropriate for the growth of various material phases at 4 
SCCM O2 flow. 
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Figure 3. X-ray diffractograms of films grown at 975 ℃ and 
increasing ϕ from bottom to top. As ϕ increases the films transition 
from NbO2, through LiNbO3 and LiNbO2, to Li3NbO4. 
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Figure 4. X-ray diffractograms of films grown at 1000 ℃ and 
increasing ϕ from bottom to top. As ϕ increases the phase progresses 
from NbO2, through LiNb3O8, to LiNbO3. 
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 Table 1. Optimal substrate temperatures for MBE growth of Li-Nb-O 
phases at 4 SCCM O2 flow. 
  
Using optimized substrate temperatures allows more 
control when employing the lithium controlled niobium 
incorporation rate method. When growing at optimal 
temperatures, flux conditions can be slightly altered to 
promote single phase growth. Temperature conditions from 
Table 1 were applied to the Li-limited growth technique, 
increasing ϕ for materials of lower oxidation state and 
decreasing it for higher oxidation state, to achieve single 
phase films of different phases. Figure 5 shows symmetric x-
ray diffractograms of phases grown using this combined 
method. 
LiNbO2, NbO, Li3NbO4, LiNbO3, LiNb3O8 and NbO2 are 
all grown single phase as evidenced by XRD. All of the 
films shown in Figure 5 are grown on c-plane sapphire by 
adjusting the Li:NbCl5 flux ratio while growing in the 
optimal temperature regime defined in Table 1.   
 
Figure 5. From bottom to top, c-oriented LiNbO2, (111) oriented NbO, 
(222) oriented Li3NbO4, c-oriented LiNbO3, (602 ) oriented LiNb3O8, and 
(440) oriented NbO2, all grown single phase on c-oriented Al2O3.  
3.2 Phase Diagram Analysis 
Using the understanding outlined in section 3.1 and 
empirical results which followed this understanding a 
phenomenological phase diagram has been developed to 
represent the coupled effect of substrate temperature and 
flux ratio on the nucleation of niobium oxides and lithium 
niobium oxides. This diagram is shown in Figure 6 as a 
function of Li:NbCl5 flux ratio, ϕ, and temperature, T. The 
boundaries and areas are phenomenologically and 
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Material Optimal Temperature (°C) 
  
Nb > 850 
NbO 800 - 900 
NbO2 950 – 1000† 
  
LiNbO2 950 - 975 
LiNbO3 1000 – 1050* 
  
Li3NbO4 850 - 925 
LiNb3O8 975 – 1050*† 
*1050°C is the upper operational limit of the substrate 
heater. The optimal range may extend beyond this limit. 
†Further optimization not pursued. 
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empirically derived based on growth parameters, XRD phase 
analysis, and optical transmission analysis. Figure 6 is not a 
true phase diagram in the classical sense but is intended as a 
visual guide to understanding the complex phase nucleation 
of niobium oxides and lithium niobium oxides on c-plane 
sapphire at high temperatures in high vacuum conditions. 
Figure 6 represents a number of key points, namely: 
(1) Films grown below ~ 925 ℃ will be Li3NbO4 or NbO, 
depending on ϕ, 
(2) There exists a negative slope in the ϕ-T space 
between region I and V due to the increase in Nb:O2 
ratio as ϕ is increased, 
(3) There exists a positive slope in the ϕ-T space at the 
II-III and III-IV boundary due to increased Li 
desorption at higher temperatures, 
(4) There exists a mixed phase region from T ≈  925 – 
1000 ℃ and ϕ ≈ 0.3 – 0.8 represented in Figure 6 as a 
hashed oval, and 
(5) Narrow growth windows exist for the desired phases 
III, IV, and V both in T and ϕ. 
As stated above, there is a mixed phase region in the 
middle of the diagram marked by a hashed oval. Growths 
in this region of ϕ-T space result in multi-phase films 
which contain at least 2 but more often 3 phases. A 
detailed understanding of this region is not necessary 
because it is an undesired result, and is therefore not 
pursued. Additionally, multi-phase mixing is expected at 
the boundaries between phases though this mixed-phase 
result is not depicted. Finally, Figure 6 is presented in 
terms of a directly measurable quantity, flux ratio, rather 
than an absolute value. This allows the adoption of 
different O2 flow rates by adjusting the overall cation flux 
values while maintaining the same ratio to oxygen anions. 
For the data given ϕ = 1 represents ϕLi = 7 ± 1.4 × 10-7 torr 
BEP at 4 SCCM O2 which results in ~ 4.5 × 10-5 torr 
oxygen. Adjustment of either the O2 flow rate or the 
absolute flux values individually will result in a 
modification of the growth windows, and can be 
visualized as a third orthogonal dimension to the diagram 
into and out of the page. 
 
Figure 6. Phenomenologically and empirically derived phase diagram 
for the nucleation of niobium oxides and lithium niobium oxides on c-plane 
sapphire at high temperature and vacuum conditions. Data point indices 
correspond to the diffractograms labeled in Figure 2 - Figure 5.  
The oxygen deficient vacuum conditions in MBE, far 
from equilibrium, enable meta-stable sub-oxide phases like 
LiNbO2 not possible at higher oxygen partial pressures. In 
the traditional phase diagram of the Li2O-Nb2O5 system, 
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recreated in Figure 7 from Kitamura et. al. [31] and Reisman 
et. al [27], LiNbO2 is not present because sub-oxides are not 
possible in this fully oxidized system. Similarities may 
however be noted between the two diagrams.   Li3NbO4 lies 
to the Li-rich side of LiNbO3 in both diagrams while 
LiNb3O8 lies to the Li-poor side of LiNbO3 in both diagrams 
existing at higher temperatures than Li3NbO4. NbO and 
NbO2 are not present in Figure 7 because they do not contain 
Li, but can be grown by MBE due to the Li-poor conditions 
under which they are grown where all Li is desorbed as 
LiCl. 
Figure 7. High temperature portion of the Li2O – Nb2O5 phase diagram 
from 40 – 60 mol % Nb2O5. LiNbO2 is not present because sub-oxides are 
not possible in this system. Analogous to Figure 6, Li3NbO4 appears to the 
Li-rich side of LiNbO3 and LiNb3O8 appears to the Li-poor side and at 
higher temperatures. Figure redrawn from [27,31]. 
3.3 Structural Characterization and Surface Morphology  
Structural and morphological characterization of the 
single phase materials was performed by XRD and AFM, 
respectively, to analyze the crystal quality of the (lithium) 
niobium oxides. The results of both methods are summarized 
in Table 2, showing symmetric rocking curves measured by 
XRD and RMS roughness measured by AFM. The  
symmetric rocking curve is a measure of film uniformity in 
the plane parallel to the substrate c-plane with higher values 
indicating increasing amounts of tilt with respect to that 
plane. RMS roughness quantifies the average height 
variation from the mean over a 1 μm2 area.  
Nb, LiNbO2, LiNbO3, and Li3NbO4 all show high degrees 
of uniformity as determined by XRD rocking curve. For 
NbO2 no attempts have yet been made to optimize the 
growth.  Still the uniformity is high enough to consider 
integrating NbO2 in to neuromorphic devices such as 
relaxation oscillators or neuristor circuits [15,16].  
Nb, NbO2, and Li3NbO4 all show acceptably low surface 
roughness values for integration into thin-film 
heterostructures. BCC niobium films grown at 1000℃ show 
small dense grains and a surface roughness of 1.55 nm RMS. 
The grain boundary dominated structure is likely due to 
insufficient substrate temperatures for long range adatom 
movement because of the refractory nature of niobium. NbO 
films show the same grainy structure, while NbO2 exhibits 
small hillocks and a surface roughness of 1.24 nm RMS.  
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Tri-lithium niobite, Li3NbO4 shows a very smooth surface 
with a roughness of 0.984 nm RMS. This is likely due to the 
increased metal to oxygen ratio on the surface during growth 
which acts to increase surface diffusion, smoothing the 
overall film. 
The surface morphology of lithium niobite shows a 
smooth field with tall, narrow extrusions extending 5-40 nm 
above the surface of the film. The roughness of the overall 
surface is 2.37 nm RMS, while the surface of the field as 
determined by a 1 μm square scan was 0.43 nm RMS. It was 
found that dipping the LiNbO2 thin film in water and drying 
under N2 significantly improved the observed surface quality 
but no surface film attributed spectra were observed in XRD.  
The surface roughness of LiNbO3 is dependent on film 
thickness when grown on sapphire. Films initially show 
highly columnar non-coalesced grains with atomically flat 
plateaus, and these grains slowly coalesce as film thickness 
increases. The surface morphology and crystalline quality of 
lithium niobate is investigated in greater detail in a previous 
publication [32]. 
4. CONCLUSION 
A generalized schema is presented for the control of 
single phase epitaxy in the Li-Nb-O material family using 
Molecular Beam Epitaxy.  It is shown that substrate 
temperature variations can cause different phases of material 
to nucleate preferentially over a small temperature range. 
Combining the empirically determined appropriate growth 
temperature for the desired phase with the lithium controlled 
niobium incorporation rate method allows single phase 
growth of various thin films within the Li-Nb-O material 
family.  Single phase growth of NbO, NbO2, Li3NbO4, 
LiNb3O8, LiNbO2, and LiNbO3 is possible by using this 
method. Additionally this relationship between flux and 
temperature has resulted in construction of a 
phenomenological phase diagram for the Li-NbCl5-O2 
system using MBE at high temperature on c-plane sapphire. 
Table 2. Thicknesses and symmetric rocking curves determined by XRD of selected single phase films along with RMS roughness determined by AFM. 
Lower rocking curve values indicate higher uniformity with respect to tilt in the c-axis.  
 
 Material Growth Rate 
(nm/h) 
Symmetric Rocking Curve 
(arcseconds) 
RMS Roughness (nm)  
 1 μm2 area 
 
      
 Nb 33 180 1.55  
 NbO 100 1192 3.23  
 NbO2 430 220 1.24  
      
 LiNbO2 85 206 2.37  
 LiNbO3 57 8.6 *  
      
 Li3NbO4 55 170 1.03  
 LiNb3O8 45 810 19  
 * LiNbO3 films are highly columnar with misleading RMS roughness values. Detailed 
structural and morphological characterization is given in [32]. 
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This fundamental understanding will allow new devices and 
heterostructures to be explored including but not limited to 
neuromorphic computing elements, strain enhanced sensors 
and MEMS, high K dielectrics, tunable dielectrics, 
ferroelectric superlattices, and ferroelectric switching 
transistors with switchable enhanced channel conductance. 
With this motivation in mind the materials in the Li-Nb-O 
family are analyzed by crystal quality and surface 
morphology for use in future heterostructure devices. In this 
architecture it is shown that LiNbO2, LiNbO3, and NbO2 are 
the multi-functional active materials while niobium can be 
used as a contact layer, subcollector, or waveguide cladding 
layer, and LiNbO3 or Li3NbO4 may be chosen as a dielectric. 
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